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Post-activation potentiation (PAP) is the increased
involuntary muscle twitch response to stimulation
following strong contraction. The enhancement to whole-
body explosive muscular performance (PE) after heavy-
resistance exercise is often attributed to modulations in
neuromuscular function that are proposed to reﬂect PAP,
but the evidence to support this is equivocal. We assessed
the neuromuscular basis of PE using transcranial magnetic
stimulation (TMS) of the primary motor cortex, and
electrical stimulation of the femoral nerve. Eleven male
athletes performed heavy-resistance exercise with
measures of countermovement jump (CMJ) pre- and 8 min
post-exercise. Pre-exercise and after the ﬁnal CMJ,
single- and paired-pulse TMS were delivered during
submaximal isometric knee-extensor contractions to
measure corticospinal excitability, short-interval
intracortical inhibition (SICI), and intracortical
facilitation (ICF), with motor evoked potentials recorded
from rectus femoris. Twitch responses to motor nerve
stimulation during and post maximum-knee-extensor
contractions were studied to quantify voluntary activation
(VA) and potentiated twitch (Qtw,pot). The experimental
protocol successfully induced PE (+4  1% change in
CMJ, P = 0.01), but no changes were observed for
maximum voluntary force, VA, corticospinal excitability,
SICI or ICF (all P > 0.05), and Qtw,pot declined
(P < 0.001). An enhancement of muscular performance
after heavy resistance exercise was not accompanied by
PAP, or changes in measures of neuromuscular function.
The involuntary twitch response of a muscle to
motor nerve stimulation is acutely enhanced by prior
contraction of the same muscle (Vandervoort et al.,
1983; Sale, 2002). This phenomenon, deﬁned as post-
activation potentiation (PAP), was originally
observed in single limb models, but more recently
has been cited as an explanatory factor for the
observed performance enhancement of whole-body
explosive tasks (e.g., jumping, sprinting, throwing)
after prior heavy resistance exercise (Kilduff et al.,
2007, 2008; Bevan et al., 2009, 2010; West et al.,
2013a, b; Seitz et al., 2014)3 . The use of low-volume,
heavy resistance exercise as a preparation strategy
for athletic performance is commonplace, and with
the right combination of subject characteristics
(Gourgoulis et al., 2003; Seitz et al., 2014), resistance
exercise stimulus (Bevan et al., 2009, 2010), and rest
interval (Kilduff et al., 2007; Bevan et al., 2009), the
enhancement to muscular performance ranges
between 2% and 8% (Kilduff et al., 2007; Bevan
et al., 2009, 2010; West et al., 2013a, b). Although
conceptually similar, the mechanisms underpinning
the potentiation of the resting involuntary muscle
twitch and potentiation of voluntary whole-body
athletic performance likely differ, given that twitch
potentiation has been observed in the absence of any
enhancement of voluntary muscular performance
(Folland et al., 2008) and vice versa (Pearson & Hus-
sain, 2014). While the presence of twitch potentiation
(hereafter referred to as PAP) and enhancement of
whole-body athletic performance (hereafter referred
to as PE) is well documented, a mechanistic explana-
tion for either remains elusive.
It is likely that any enhancement or potentiation
of muscular performance after a prior contraction is
mediated within the neuromuscular system given its
inherent relationship with explosive performance.
For PAP, two principal mechanisms have been pro-
posed; phosphorylation of myosin regulatory light
chains (RLC) and an increase in the recruitment of
high-threshold motor units. Phosphorylation of
myosin RLCs has been demonstrated in skinned ani-
mal models (Manning & Stull, 1982; Szczesna et al.,
2002) but the evidence in human muscle is unclear
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(Stuart et al., 1988; Smith & Fry, 2007). For single
limb contractions in vivo, an increase in the recruit-
ment of higher order motor units has been proposed
based on an increase in the Hoffman spinal reﬂex
(H reﬂex) after intense isokinetic plantar ﬂexion con-
tractions (Trimble & Harp, 1998) and maximum iso-
metric knee-extensor contractions (Folland et al.,
2008). The changes in neural function observed in
single limb models are often cited as explanatory fac-
tors for the PE observed after heavy resistance exer-
cise, but the neurophysiological responses to a
whole-body heavy resistance exercise stimulus are
not well studied. In addition, the presence of H reﬂex
potentiation after single limb exercise is equivocal
(Hodgson et al., 2008), and whether this contributes
to a functional performance beneﬁt is unclear
(Folland et al., 2008). Changes in the H reﬂex could
also be mediated by a number of supraspinal, spinal,
and peripheral afferent inputs which might or might
not contribute to an increase in high-threshold
motor unit recruitment (Carroll et al., 2011). An
understanding of the neuromuscular basis to PAP,
and particularly PE, is therefore lacking, despite its
intuitive appeal.
Transcranial magnetic stimulation (TMS) has
been increasingly used in the sport and exercise
sciences to assess central nervous system function
(Goodall et al., 2014) and offers the potential to bet-
ter understand the neural basis to PAP and PE. Stim-
ulation of motor cortical cells with singlepulse TMS
elicits a motor evoked potential in the target muscle
of interest, the characteristics of which (when
expressed relative to the maximum muscle com-
pound action potential) can be studied to quan-
tify the excitability of the brain-to-muscle pathway.
Single-pulse TMS has been previously used to
demonstrate acute and chronic modulations in corti-
cospinal excitability as a result of strength training
(Beck et al., 2007; Grifﬁn & Cafarelli, 2007;
Selvanayagam et al., 2011; Weier et al., 2012; Nuzzo
et al., 2015) and during maximal (Butler et al., 2003)
and submaximal (Williams et al., 2014) fatiguing
contractions. Importantly in the context of potentia-
tion, modulations in corticospinal excitability have
been demonstrated after a single session of resistance
training of the elbow ﬂexors (Nuzzo et al., 2015) and
forearm muscles (Selvanayagam et al., 2011), sugges-
tive of a rapid plasticity of the neuromuscular system
in response to resistance training. Paired-pulse TMS
paradigms can be used to reveal further information
about the status of facilitatory and inhibitory intra-
cortical circuits within the brain. By varying the
interval between stimuli, paired-pulse TMS can be
used to measure the excitability of gamma-aminobu-
tyric acid type A-mediated inhibitory (short-interval
intracortical inhibition, SICI) and glutamate-
mediated excitatory (intracortical facilitation, ICF)
intracortical circuits (Chen, 2011). Paired-pulse TMS
has been successfully used to reveal changes in intra-
cortical activity as a result of resistance exercise
(Weier et al., 2012; Zult et al., 2015), after a period
of skill practice (Perez et al., 2004, 2007) and after
fatiguing contractions (Maruyama et al., 2006;
Takahashi et al., 2011). Collectively these studies
demonstrate that TMS can be used to reveal modula-
tions in the central nervous system in response to
resistance training exercise, some of which are imme-
diate in nature (Selvanayagam et al., 2011; Nuzzo
et al., 2015). Considering these data, the use of sin-
gle- and paired-pulse TMS paradigms to study the
acute neuromuscular responses to a whole-body
strength training stimulus could provide a neuro-
physiological explanation for the PE observed after
heavy resistance exercise. The aim of this study was
to assess the acute neuromuscular responses to a
low-volume, heavy resistance exercise stimulus. We
hypothesized that the resistance exercise would result
in an acute enhancement of muscular performance,
which would be concurrent with changes in neuro-
muscular function.
Materials and methods
Participants
With institutional ethical approval, 11 male athletes gave writ-
ten, informed consent to participate in the study (mean  SD,
age, 23  4 years, stature, 1.81  0.09 m, body mass (BM),
89  13 kg, predicted one repetition maximum squat,
151  21 kg or 1.7  0.2 kg/BM). Participants were all cur-
rently training in sports requiring explosive movements (i.e.,
sprinting and jumping), and had a minimum 2-year history of
regular resistance training. Testing was conducted during the
off-season period while participants were continuing regular
strength and conditioning training.
Design
Participants visited the laboratory to complete three visits; a
practice trial, followed by experimental and control trials, the
order of which was randomized and counterbalanced. The
practice trial consisted of habituation to the neuromuscular
and functional measurements, and determination of three rep-
etition maximum (3 RM) squat strength. Neuromuscular
function was assessed using electrical stimulation of the
femoral nerve, and TMS over the primary motor cortex (M1),
with evoked responses recorded from the rectus femoris (RF)
during isometric knee-extensor contractions. For the experi-
mental trial, participants performed a 10-min warm-up fol-
lowed by a low-volume, high-intensity strength training
session (3 9 3 back squat at 80%, 90% and 100% of 3RM)
with countermovement jump height (CMJ) measured pre- and
post-warm-up, and 8 min post the ﬁnal squat set to measure if
explosive performance was enhanced by the heavy resistance
exercise (Kilduff et al., 2008). A battery of neuromuscular
tests were completed pre-warm-up and immediately post the
ﬁnal CMJ. For the control trial, participants completed the
same neuromuscular assessment at the same time of day, sepa-
rated by the same amount of time as the experimental trial,
where they rested quietly in the laboratory. The control trial
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was designed to assess any confounding effect of the neuro-
muscular assessment protocol on the measures studied. Prior
to each visit participants were instructed to record and repli-
cate their morning dietary intake, and to refrain from caffeine,
alcohol, and strenuous exercise in the preceding 48 h. A sche-
matic of the experimental and control trials is shown in
Fig. 1.
Procedures
Preliminary visit; repetition maximum assessment
Maximum isoinertial strength was assessed in all participants
by a three repetition maximum barbell back squat, with one
repetition maximum estimated using a prediction equa-
tion (LeSuer et al., 1997). All participants completed a struc-
tured 10-min warm-up, which incorporated jogging, dynamic
ﬂexibility movements, mobility exercises speciﬁc to squatting
and jumping, and 3 9 30 m progressive strides at 70%, 80%,
and 90% of perceived maximum sprint speed. Participants
then completed warm-up sets of three repetitions of back
squats, beginning with an unloaded barbell and progressing to
50%, 70%, 80%, and 90% of their estimated 3RM. The load
on the bar was then incremented by 2–5% until participants
could not complete three repetitions. The technical execution
of each lift required participants to descend under control (2-s
tempo) to a depth where the femur was parallel to the ﬂoor.
Participants then immediately reversed the movement and
were instructed to maximally accelerate the bar during the
concentric phase. A repetition was deemed successful if partic-
ipants could complete the concentric phase in ≤2 s.
Countermovement jump height
An electronic photocell system (Optojump, Microgate, Bol-
zano, Italy) was used to measure CMJ height pre- and post-
warm-up and 8 min post the ﬁnal set of squats. Participants
squatted to a self-selected depth and jumped for maximum
height with arms akimbo to isolate the lower limb muscula-
ture. Participants were habituated to this procedure in the pre-
liminary visit, and routinely performed tests of jumping
performance in their regular training program.
Experimental trial; Heavy resistance exercise stimulus
After a 10-min warm-up replicating that performed in the pre-
liminary visit, participants completed a low-volume, heavy
resistance exercise session consisting of 3 9 3 back squats at
80%, 90%, and 100% of 3RM. The work sets were preceded
by 2 9 3 warm-up sets with an unloaded barbell and 50% of
3RM. Three minutes of recovery were allocated between sets.
This conﬁguration has been previously used to acutely
enhance explosive performance in athletes similar to that stud-
ied here (Bevan et al., 2009, 2010). Two maximal CMJs sepa-
rated by 30 s were performed pre-warm-up, post-warm-up,
and 8 min post the ﬁnal squat set when, based on previous
observations using a similar resistance training stimulus in a
similar population, PE was expected to be maximized (Kilduff
et al., 2007, 2008, 2011).
Neuromuscular function
Measures of neuromuscular function were evaluated using sin-
gle- and paired-pulse TMS over the primary motor cortex,
and electrical stimulation of the femoral nerve, with evoked
responses recorded with surface electromyography (EMG).
All measurements were taken during submaximal and maxi-
mal isometric knee-extensor contractions. After appropriate
determination of stimulus intensity (details below), partici-
pants completed two practice isometric maximum voluntary
contractions (MVC) of the knee-extensors, followed by three
MVCs of 3–5 s in duration with electrical stimulation deliv-
ered during and 2 s post to assess voluntary activation (VA)
Fig. 1. 6Schematic of experimental trial (a), and assessment of neuromuscular function with motor evoked potential (single-
pulse MEP), short-interval intracortical inhibition (SICI), and intracortical facilitation (ICF) responses (waveform averages
of eight stimulations) from a representative participant (b). During the control trial the assessment of neuromuscular function
was completed at the same time points, between which participants rested in the laboratory.
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and potentiated quadriceps twitch force (Qtw,pot), respectively.
Subsequent to this, participants were required to maintain a
submaximal contraction at 20% MVC where single- and
paired-pulse TMS, and electrical motor nerve stimulation,
were administered for measurement of corticospinal respon-
siveness, short-interval intracortical inhibition (SICI), and
intracortical facilitation (ICF). Visual feedback of the target
force was provided via a computer monitor. Details of these
procedures are provided below.
Force and EMG recordings
Isometric knee-extensor force (N) was measured using a cali-
brated load cell (MuscleLab force sensor 300, Ergotest tech-
nology, Norway) afﬁxed to a custom-built chair and attached
to the participants right leg via a non-compliant strap posi-
tioned superior to the ankle malleoli, directly in line with the
applied force. Participants remained seated during all contrac-
tions with the hips and knees at 90 degrees ﬂexion. Elec-
tromyography of the rectus femoris was recorded via surface
electrodes (Ag/AgCl; Kendall H897PG/F, Covidien, Mans-
ﬁeld, MA, USA) placed 2 cm apart over the belly of the mus-
cle, with the reference electrode placed on the patella. The
area of electrode placement was prepared by removing hair,
abrading, and cleaning with an alcohol swab. Electrode posi-
tion was marked with indelible ink to ensure consistent place-
ment on repeat trials. The electrodes were used to measure the
root mean square amplitude during voluntary contractions,
and the evoked compound muscle action potential (M-wave)
and motor evoked potential (MEP) elicited by motor nerve
and motor cortical stimulation, respectively. Force and sur-
face EMG signals were ampliﬁed (9300 and 91000, respec-
tively) and band-pass ﬁltered (20–2000 Hz) using CED 1902
ampliﬁers (Cambridge Electronic Design, Cambridge, UK).
Force and EMG signals were sampled at 200 and 4000 Hz,
respectively, and stored on a computer using an analog-to-
digital converter (CED 1401, Cambridge Electronic Design)
for later analysis (Spike2 v7.12, Cambridge Electronic
Design).
Motor nerve stimulation
Single electrical stimuli (200 ls duration) were delivered to the
right femoral nerve via surface electrodes (CF3200, Nidd Val-
ley Medical Ltd, Harrogate, UK) using a constant-current
stimulator (DS7AH, Digitimer Ltd, Welwyn Garden City,
UK) at rest and during voluntary contraction at 20% and
100% of maximum. The cathode was positioned over the
motor nerve, high in the femoral triangle in a location that eli-
cited the maximum quadriceps twitch amplitude (Qtw) and M-
wave at rest. The anode was positioned midway between the
iliac crest and greater trochanter. Stimulation intensity was
determined from single stimuli delivered in 20 mA stepwise
increments until a plateau in Qtw and M-wave were observed.
The ﬁnal intensity was increased by 30% to account for any
activity-dependent change in axonal conduction and was not
different between trials (mean  SD current: experimental,
177  50 mA, control, 173  37 mA).
Transcranial magnetic stimulation
Single- and paired-pulse TMS were delivered over the left M1
via a concave double cone coil using a BiStim unit and two
Magstim 2002 stimulators (The Magstim Company Ltd, Whit-
land, UK). The optimal coil placement (posterior–anterior
intracranial current ﬂow) was determined at the start of each
trial as the position that elicited the largest MEP in the RF
(position relative to the vertex: ~1–2 cm), and was marked
with indelible ink for consistent placement on subsequent tri-
als. Active motor threshold (AMT) was determined during a
20% MVC as the minimum stimulation intensity that elicited
a consistent MEP of >200 lV in three of ﬁve stimulations
(Kidgell et al., 2010; Weier et al., 2012) and was not different
between trials (mean  SD stimulator output: experimental,
48  7%; control, 47  6%).
Corticospinal responsiveness, SICI, and ICF
At each neuromuscular assessment point, 89 single and 169
paired-pulse magnetic stimuli were administered to quantify
corticospinal excitability, short-interval intracortical inhibi-
tion, and intracortical facilitation (89 stimuli each). Pulses
were delivered during isometric knee-extensor contraction at
20% MVC in a random order, in three blocks of eight stimuli
with 5–7 s separating each stimuli and 60 s in between sets.
The single, or test pulse, was set at 1.29 AMT. To elicit SICI,
a sub-threshold stimuli (0.79 AMT) was followed by the
supra-threshold test pulse (1.29 AMT) with an ISI of 3 ms
(Ortu et al., 2008; Kidgell et al., 2010; Weier et al., 2012). For
ICF, an ISI of 13 ms separated the same paired-pulse conﬁgu-
ration. Five electrical stimuli were delivered to the femoral
nerve during the same strength contraction for quantiﬁcation
of corticospinal excitability.
Data analysis
The peak-to-peak amplitudes of the evoked M-wave and
MEP responses, measured as the absolute difference between
the minimum and maximum points of the biphasic waveform
(Fowles et al., 2002), were quantiﬁed ofﬂine. Corticospinal
excitability was quantiﬁed as the ratio between the test MEP,
and the M-wave elicited from motor nerve stimuli during the
same strength contraction (i.e., 20% MVC). The average of
the conditioned paired-pulse MEPs were expressed relative to
the averaged unconditioned MEP to quantify SICI and ICF.
Additionally, the root mean square EMG amplitude
(EMGRMS) and average force were measured across 80 ms
prior to TMS to ensure a similar level of background muscle
activity was present immediately pre-stimulation for uncondi-
tioned and conditioned MEPs. The interpolated twitch tech-
nique was used to quantify VA (Merton, 1954). In brief, the
amplitude of the superimposed twitch force (SIT) measured
during MVC was compared with the Qtw,pot elicited 2 s post-
MVC at rest (VA, % = (1  [SIT/Qtw,pot] 9 100). Reduc-
tions in VA and Qtw,pot were considered as indicators of cen-
tral and peripheral fatigue, respectively.
Statistical analysis
Descriptive statistics are presented as means  SD. Differ-
ences in pre-stimulation muscle activity and force were
assessed within trial (experimental, control) using 3 9 2 (stim-
ulation conﬁguration; unconditioned, conditioned SICI, and
conditioned ICF, by time; pre, post) factorial repeat measures
ANOVA. Differences in CMJ height between pre-warm-up,
post-warm-up, and post-strength training were assessed with
one-way repeat measures ANOVA with repeated planned con-
trasts (i.e., post-warm-up vs pre-warm-up, post-strength train-
ing vs post-warm-up) employed for pairwise comparisons.
Differences between groups for all neuromuscular measures
were assessed using 2 9 2 (trial; experimental and control, by
time; pre, post) factorial ANOVA; with focus on the
4
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trial 9 time interaction effect, which analyzes the effect of the
strength training intervention relative to the control trial. The
assumptions of these procedures were veriﬁed as per the
guidelines of Newell et al. (2010). Statistical analysis was con-
ducted using GraphPad Prism (GraphPad Software Inc, v5,
La Jolla, California, USA).
Results
Enhancement of CMJ performance
Countermovement jump height increased from pre-
warm-up (41.0  4.3 cm) to post-warm-up (43.7 
3.9 cm, P = 0.002) and was further enhanced 8 min
post strength training (44.7  4.1 cm, P = 0.008,
Fig. 2). The magnitude of PE from post-warm-up to
post-strength training averaged 3.5  1.8%.
Neuromuscular fatigue
A small decrease in MVC strength was observed
after the strength training stimulus (800  124 N to
774  139 N) that was not different to control
(774  111 N to 767  116 N, trial 9 time,
P = 0.142; Fig. 3a). Similarly, a small reduction in
voluntary activation was observed after strength
training (91.2  4.5% to 90.0  6.2%) that was not
different to control (90.2  3.2% to 91.3  4.0%,
trial 9 time, P = 0.06; Fig. 3b). Potentiated twitch
force was reduced after strength training
(235  65 N to 185  55 N) in comparison to con-
trol (220  57 N to 213  51 N, trial 9 time,
P < 0.001, Fig. 3c) indicating an absence of PAP
and the presence of peripheral fatigue.
Corticospinal excitability, SICI, and ICF
Force and EMGRMS were consistent both between
stimulation conﬁgurations (unconditioned, condi-
tioned SICI, conditioned ICF) and across time (pre,
post) supporting a consistent level of muscle activa-
tion within each trial (all P < 0.05, Table 1). The
heavy resistance training stimulus had no clear effect
on measures of corticospinal excitability, or the
excitability of intracortical interneurons (Table 1).
Corticospinal excitability was unchanged post-
strength training (Experimental, 64  16% to
58  13%; Control, 62  9% to 66  8%,
trial 9 time, P = 0.15; Fig. 4a). The degree of SICI
tended to increase after strength training (75  15%
to 66  20%, time, P = 0.07) but the change was
not different to control (73  18% to 72  17%,
trial 9 time, P = 0.20; Fig. 4b). Intracortical facili-
tation was unchanged after strength training
(111  6% to 113  16%) with no difference in
comparison to control (112  10% to 110  10%
%, trial 9 time, P = 0.44; Fig. 4c).
Discussion
We hypothesized that measurement of the central
nervous system responses to a low-volume, heavy
Fig. 2. Countermovement jump height pre-warm-up, post-
warm-up, and 8 min post low-volume, heavy-resistance
exercise. Values are mean + SD. *Different to pre-warm-up,
^Different to post-warm-up (P < 0.05).
Fig. 3. Maximum voluntary contraction force (a), potenti-
ated twitch force (b) and voluntary activation (c) pre and
post low-volume, heavy-resistance exercise (Exp), and at the
same time points in a control condition of passive rest
(Con). *Different to pre-, ^Signiﬁcant interaction effect
(P < 0.05).
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resistance exercise stimulus might reveal a neuromus-
cular basis to the subsequent acute enhancement of
explosive muscular performance. Despite a signiﬁ-
cant enhancement of explosive muscular perfor-
mance as a consequence of resistance exercise, we
found no evidence of positive change in measures of
central nervous system activation or responsiveness,
the excitability of intracortical interneurons, or mus-
cle function. The observed PE was also present in the
absence of any PAP of the involuntary resting twitch
response. Indeed, the data indicate a tendency for
the resistance exercise to induce a small degree of
muscle fatigue, despite the enhanced whole-body
explosive performance. These data suggest that PAP
and PE are mediated by alternative mechanisms, and
that the neuromuscular basis to PE remains to be
elucidated.
Enhancement of explosive muscular performance
The enhancement of CMJ performance from post-
warm-up to post-strength training averaged 3.5%,
which is similar to that reported in previous studies
using a similar experimental approach (Kilduff
et al., 2007; Bevan et al., 2009, 2010; West et al.,
2013a, b). The improved jump performance sug-
gests the resistance exercise employed was an effec-
tive stimulus to elicit an acute enhancement in
whole-body, explosive performance. Previous
research has suggested this enhancement in whole-
body performance can be explained by the same
neuromuscular mechanisms underpinning PAP,
which is classically deﬁned as an enhancement in
the resting, involuntary muscle twitch response to
electrical stimulation after a strong contraction
(Sale, 2002). The mechanisms proposed to under-
pin PAP include phosphorylation of myosin RLC
(Manning & Stull, 1982; Szczesna et al., 2002),
recruitment of higher order motor units (Tillin &
Bishop, 2009), and increases in the Hoffman spinal
reﬂex (Trimble & Harp, 1998; Folland et al., 2008);
some of which have been demonstrated (although
not equivocally) in single limb models. Given that
neuromuscular function is ostensibly linked to vol-
untary explosive movements, we hypothesized that
the PE observed after heavy resistance exercise
might be associated with similar mechanisms. Con-
trary to our hypothesis, we observed no degree of
PAP, or any changes in central nervous system
function in response to heavy resistance exercise,
despite an improvement in voluntary explosive
muscular performance.
Potentiated twitch force and voluntary activation
The resting twitch response to motor nerve stimula-
tion exhibited no PAP after heavy resistance exercise.
Indeed, the resistance training stimulus was associ-
ated with a small, signiﬁcant reduction in potentiated
twitch force, and there were no signiﬁcant changes in
measures of maximum voluntary force or voluntary
activation. The recruitment of higher order motor
units might be reﬂected in an increase in voluntary
activation and has been proposed as a potential
mechanism to explain the PE effect (Tillin & Bishop,
2009), but we found no evidence to support this pro-
posal. In addition, the signiﬁcant decline in potenti-
ated twitch indicates the presence of peripheral
fatigue, despite the improved jumping performance.
These data suggest no neuromuscular basis to
“potentiation” of whole-body explosive movements
after prior heavy resistance exercise, and no positive
effects on muscle function; as such the mechanisms
underpinning the observed PE are likely different
Table 1. Maximum muscle compound action potentials (Mmax), unconditioned (MEP amplitude), and conditioned (SICI amplitude, ICF amplitude)
motor evoked potentials in rectus femoris in experimental and control trials. All responses were evoked during a submaximal isometric knee-
extensor contraction (20% MVC). The average pre-stimulation root mean square EMG amplitude and force for each MEP configuration was
equivalent within trial. Values are mean  SD (n = 11)
Experimental Control
Pre Post Pre Post
Evoked amplitudes (mV)
Mmax 5.82  1.94 6.21  2.29 5.96  2.51 5.91  2.65
Unconditioned MEP 3.62  1.22 3.58  1.23 3.77  1.86 3.58  1.23
Conditioned (SICI) MEP 2.68  1.00 2.34  1.03 2.57  1.05 2.64  1.05
Conditioned (ICF) MEP 3.99  1.33 4.07  1.62 4.10  1.80 4.16  1.76
EMGRMS (mV)
Unconditioned MEP 0.076  0.010 0.074  0.012 0.074  0.017 0.077  0.018
Conditioned (SICI) MEP 0.076  0.010 0.076  0.012 0.073  0.016 0.077  0.021
Conditioned (ICF) MEP 0.083  0.021 0.076  0.015 0.074  0.018 0.077  0.021
Force (N)
Unconditioned MEP 155.9  20.8 152.6  22.8 151.3  18.5 151.0  20.1
Conditioned (SICI) MEP 155.9  21.4 152.8  22.7 151.2  19.2 150.6  19.6
Conditioned (ICF) MEP 155.4  21.4 152.6  22.7 151.7  18.4 150.5  20.5
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from those underpinning the PAP of an involuntary
muscle twitch.
An alternative explanation for the disconnect
between changes in potentiated twitch force and
improvements in explosive performance could reside
in the evolution of potentiation and fatigue following
the resistance training exercise. After a strong con-
traction, fatigue and potentiation co-exist and exert
a summative inﬂuence on the athlete’s ability to
express explosive force (Gossen & Sale, 2000; Kilduff
et al., 2007, 2008). The PAP response to electrical
stimulation, for example, is highest immediately
post-MVC, when fatigue is also presumably highest,
and declines over time as fatigue is resolved and
potentiation dissipates (Folland et al., 2008). A sig-
niﬁcant degree of fatigue could therefore be concur-
rent with an improved performance if the degree of
potentiation elicited by the exercise stimulus exceeds
the observed fatigue such that a one-off explosive
performance is enhanced. It is however difﬁcult to
reconcile this concept with the present data where
measures of central activation showed no change,
and PAP was absent. The prolonged effects of a low-
volume, heavy resistance exercise stimulus are not
known, but the magnitude of muscle fatigue
observed in the present study suggests this type of
preparation strategy might not be beneﬁcial in sports
requiring repeated explosive movements, as the exer-
cise induces muscle fatigue that might impair
repeated efforts once the performance enhancement
effect has dissipated. Further research is required to
substantiate this extrapolation and the utility of
preparation strategies that employ resistance exercise
in competitive scenarios requiring multiple explosive
efforts.
Responses to transcranial magnetic stimulation
Using single- and paired-pulse TMS, this study is the
ﬁrst to probe the function of the central nervous sys-
tem concurrent with PE of an explosive, athletic
movement by heavy resistance exercise. The MEP
recorded at the muscle in response to single-pulse
TMS, when appropriately normalized to the maxi-
mal M-wave, provides information on the excitabil-
ity of the brain-to-muscle pathway (Goodall et al.,
2014). Paired-pulse TMS paradigms incorporate a
conditioning pulse which excites cortical interneu-
rons that subsequently inhibit or facilitate the result-
ing MEP, providing a measure of the status of
intracortical circuits within the primary motor cortex
(Chen, 2011). Attribution of changes in these mea-
sures to speciﬁc sites is problematic, as the response
recorded at the muscle is subject to modulation from
a range of supraspinal, spinal, peripheral afferent,
and motoneuronal inputs (Carroll et al., 2011). This
notwithstanding, changes in the MEP evoked by sin-
gle-pulse (Beck et al., 2007; Grifﬁn & Cafarelli, 2007;
Selvanayagam et al., 2011; Weier et al., 2012; Nuzzo
et al., 2015) and paired-pulse (Weier et al., 2012;
Zult et al., 2015) TMS have been reported in
response to resistance training exercise. For example,
Weier et al. (2012) observed a 112% increase in cor-
ticospinal excitability, and a 32% reduction in SICI
after 4 weeks of resistance training. Nuzzo et al.
(2015) observed increases in corticospinal excitability
after a single session of ballistic, isometric elbow
ﬂexor contractions. We hypothesized that single- and
paired-pulse TMS might reveal similar acute changes
in the central nervous system concurrent with PE of
an explosive movement after heavy resistance exer-
cise. Despite the signiﬁcant degree of PE, there were
no changes observed in the excitability of the brain-
to-muscle pathway (MEP:Mmax), or measures of
intracortical inhibition (SICI) or facilitation (ICF).
Thus, these measures were not able to explain the PE
Fig. 4. Corticospinal excitability (a), short-interval intracor-
tical inhibition (b) and intracortical facilitation (c) pre and
post low-volume, heavy resistance exercise (Exp), and at the
same time points in a control condition of passive rest
(Con).
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effect, and a neural basis to the acute enhancement
of explosive muscular performance after heavy resis-
tance exercise remains to be elucidated.
What factors explain PE?
The central nervous system responses to heavy resis-
tance training employed in this study cannot provide
an explanation for the observed enhancement of
jump performance, and PAP of the resting twitch
was absent. This raises an obvious question; what
factors contribute to the improvement in explosive
performance? Firstly, absence of evidence in the
measures studied here does not imply there was no
change in neuromuscular function post-heavy resis-
tance exercise. Indeed, there is some evidence to sug-
gest that the H reﬂex is modulated in response to
single limb contractions (Trimble & Harp, 1998; Fol-
land et al., 2008), though this was observed in the
absence of any functional beneﬁt and has yet to be
studied in a whole-body model. Additionally, the
lack of speciﬁcity of the measurement method (single
limb, isometric contraction) in comparison to the
task (whole-body heavy resistance and explosive
exercise) could obscure any modulations in neuro-
muscular function (discussed below in “Limita-
tions”). A hormonal response to the heavy strength
training stimulus could be an alternative explanatory
factor; increases in testosterone have been reported
immediately post-heavy resistance exercise and
higher circulating concentrations are associated with
improved physical performance (Crewther et al.,
2011a, b)4 . An increase in muscle temperature as a
result of heavy resistance exercise could have facili-
tated jump performance (Sargeant, 1987), although
the decline in potentiated twitch force observed in
this study suggests there are voluntary rather than
involuntary mechanisms responsible. The similarity
of the squatting exercise to the countermovement
jump could also be a factor; i.e., performance is
enhanced not by a physiological mechanism but by
acute priming through practice of the skill (Crewther
et al., 2011a, b). Finally the observed improvement
in explosive performance could reﬂect a psychologi-
cal effect. That is, PE could be explained simply by
an increase in the perception of readiness for explo-
sive performance.
Limitations
The majority of measures of central nervous system
function were studied in a submaximal (20% MVC),
single limb, isometric contraction at knee and hip
angles of 90°. The responses of the central nervous
system during contraction at a submaximal intensity
might not be reﬂective of peri-maximal, whole-body
dynamic contractions where the PE effect was eli-
cited and observed. The submaximal intensity
employed was necessary to study the excitability of
intracortical interneurons as their inﬂuence is abol-
ished at contraction strengths >25% MVC (Ortu
et al., 2008). In addition, multiple stimulations are
required to measure these responses, making higher
contraction strengths undesirable because of poten-
tial confounding effects of fatigue. All responses to
stimulation were elicited from the rectus femoris
(RF). The RF muscle was chosen because of its bi-
articular nature and signiﬁcant contribution to both
hip ﬂexion and knee extension moments during
squatting and jumping movements; however, the
moment arm at which force would be maximized
during these dynamic movements would likely be dif-
ferent to the static moment arm of single limb iso-
metric contractions at hip and knee angles of 90°.
Additionally, the responses of the RF might not be
reﬂective of all the knee-extensor musculature, nor
indeed the other signiﬁcant muscle groups that might
contribute to hip extension moments. Optimizing the
simultaneous measurement of motor evoked poten-
tials across a range of muscle groups is, however,
fraught with difﬁculty, which is why a speciﬁc muscle
was chosen to study. A ﬁnal limitation is the mea-
surement of jump performance 8 min post for every
participant. This timeframe was chosen based on
previous research in a similar population (Kilduff
et al., 2007, 2008); however, there is known variabil-
ity in this response and as such the PE effect might
not have been maximal for every participant. This
notwithstanding, we did observe an enhancement in
jump performance in every participant, which indi-
cates the protocol implemented was appropriate to
answer the question under study.
In conclusion, a low-volume, heavy resistance
exercise stimulus can acutely enhance jumping per-
formance in well-trained strength-power athletes. We
hypothesized this enhancement might be associated
with PAP, and modulations in the central nervous
system responses to motor nerve and motor cortical
stimulation. Despite a signiﬁcant enhancement of
jumping performance, there were no changes in mea-
sures of voluntary activation, corticospinal excitabil-
ity, short-intracortical inhibition, or intracortical
facilitation. The resting muscle twitch responses to
electrical stimulation of the motor nerve revealed no
PAP, but rather the presence of muscle fatigue. A
neuromuscular basis to the acute enhancement of
explosive muscular performance after heavy resis-
tance exercise remains to be elucidated.
Perspective
Post-activation potentiation is the phenomenon
describing the increased involuntary muscle twitch
response after a strong contraction. The concept of
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PAP has been used to explain the acute enhancement
of whole-body, explosive muscular performance
after heavy resistance exercise; such enhancement is
frequently attributed to modulations within the neu-
romuscular system, but the evidence supporting this
posit is extrapolated from single limb PAP models
and the neuromuscular responses to a whole-body
“potentiation” stimulus are not well studied. Here,
we used motor cortical and motor nerve stimulation
to probe the function of the central nervous system
after a whole-body, heavy-resistance exercise stimu-
lus. Despite a signiﬁcant enhancement of jumping
performance after heavy-resistance exercise, we
found no evidence of modulations in measures of
central nervous system activation or responsiveness
and no change in the status of inhibitory and facilita-
tory intracortical circuits. The involuntary resting
twitch response to motor nerve stimulation was not
potentiated, but rather was reduced, indicative of
muscle fatigue. These data are the ﬁrst to explicitly
test the hypothesis that the enhancement of whole-
body athletic performance after heavy resistance
exercise is mediated within the central nervous sys-
tem. Although a plausible and oft-cited explanation,
the neural basis to an enhancement of whole-body
athletic performance cannot be explained by the
measures studied here.
Key words: Athletic performance, intracortical facili-
tation, neuromuscular physiology, post-activation
potentiation, short-interval intracortical inhibition,
transcranial magnetic stimulation, voluntary activa-
tion.
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